Plasmodium falciparum invades erythrocytes through multiple ligand-receptor interactions, with redundancies in each pathway. One such alternate pathway is the trypsin-resistant pathway that enables P. falciparum to invade trypsin-treated erythrocytes. Previous studies have shown that this trypsin-resistant pathway is dependent on glycophorin B, as P. falciparum strains invade trypsin-digested glycophorin B-deficient erythrocytes at a highly reduced efficiency. Furthermore, in a recent study, the P. falciparum 7G8 strain did not invade glycophorin B-deficient erythrocytes, a finding that was not confirmed in the present study. To analyze the degree of dependence on glycophorin B for invasion by P. falciparum through the trypsin-resistant pathway, we have studied the invasion phenotypes of five parasite strains, 3D7, HB3, Dd2, 7G8, and Indochina I, on trypsin-treated normal and glycophorin B-deficient erythrocytes. Invasion was variably reduced in glycophorin B-deficient erythrocytes. Four strains, 3D7, HB3, Dd2, and Indochina I, invaded trypsin-treated erythrocytes, while invasion by the 7G8 strain was reduced by 90%. Among the four strains, invasion by 3D7, HB3, and Dd2 of trypsin-digested glycophorin B-deficient erythrocytes was further reduced. However, Indochina I invaded trypsin-digested glycophorin B-deficient erythrocytes at the same efficiency as its invasion of trypsin-digested normal erythrocytes. This strongly suggests that the Indochina I strain of P. falciparum is not dependent on glycophorin B to invade through a trypsin-resistant pathway as are the strains 3D7, HB3, and Dd2. Thus, P. falciparum is able to invade erythrocytes through a glycophorin B-independent, trypsin-resistant pathway.
The asexual erythrocytic phase in the life cycle of malarial parasites produces the clinical symptoms and pathology associated with infection. During the erythrocytic phase, merozoites released from schizont-infected erythrocytes invade uninfected erythrocytes. The invasion process is highly dependent on specific molecular interactions between parasite ligands on the merozoite and host receptors on the erythrocyte membrane. However, these molecular interactions are not completely defined. Plasmodium vivax is totally dependent on two receptors for erythrocyte invasion: the Duffy blood group antigen (29) and an unknown receptor on reticulocytes (16) . In contrast, P. falciparum probably invades through the same basic series of receptor-ligand interactions as P. vivax, but P. falciparum differs in that it has redundancy or alternate invasion pathways.
The alternate invasion pathways of P. falciparum have been recognized on the basis of invasion and binding studies on genetically deficient erythrocytes (deficient in one or more surface molecules) as well as on erythrocytes treated with different enzymes, such as neuraminidase and trypsin (5, 28, 30, 34, 35) . Glycophorins are glycoproteins expressed on the erythrocyte surface with sialic acid residues attached to the O-linked oligosaccharides (7, 8) and are known to play a role as erythrocyte receptors in invasion by P. falciparum (31) (32) (33) . Erythrocytes deficient in glycophorin A and B, En(aϪ) and SϪsϪUϪ, respectively, were observed to be resistant to invasion by P. falciparum (31) (32) (33) . The sialic acid residues play a role in invasion, as neuraminidase treatment of the erythrocytes reduces or eliminates invasion depending on the P. falciparum strain studied (5, 28, 30, 34, 35) . The erythrocyte binding protein EBA-175 of P. falciparum binds specifically to glycophorin A, and this binding is neuraminidase and trypsin sensitive (40) . Similarly, BAEBL, a homologue of EBA-175 in P. falciparum strain Dd2/Nm, binds glycophorin C, which is neuraminidase and trypsin sensitive (23, (25) (26) (27) . These ligand-receptor interactions define a sialic acid-dependent, trypsin-sensitive invasion pathway. Glycophorin B is resistant to trypsin treatment but is neuraminidase sensitive (44) and appears to define a trypsin-resistant pathway (13) . Certain P. falciparum strains invade neuraminidase-treated erythrocytes in a sialic acid-independent manner, using a neuraminidase-resistant, trypsinsensitive receptor(s) whose identity is unknown and which is designated receptor X (13). Because of redundancy in P. falciparum, ligands may exist that require a particular receptor, but invasion could occur independent of that receptor. For example, sialic acid and the peptide backbone on glycophorin A are required for binding of EBA-175 (40) , yet the invasion may be sialic acid independent (Dd2/Nm) because of redundancy (12) .
Many P. falciparum strains invade trypsin-treated erythrocytes at an invasion rate of 30 to 70% compared to that for untreated erythrocytes (13, 37) . The invasion of trypsin-digested erythrocytes has been attributed to the presence of glycophorin B on their surfaces (13, 44) . To date, parasite strains that have been observed to invade trypsin-digested erythrocytes were also shown to be dependent on glycophorin B, as their invasion of trypsindigested glycophorin B-deficient (SϪsϪUϪ) erythrocytes was greatly reduced (13, 37) . Thus, it appeared that in the absence of glycophorin B, invasion through the trypsin-resistant pathway occurred at a low level, supporting the notion that glycophorin B is a critical factor for invasion through the trypsin-resistant pathway (37) . It was also observed that the 7G8 strain of P. falciparum did not invade glycophorin B-deficient erythrocytes (37) , indicating an absolute dependence for invasion on that erythrocyte molecule for this strain.
For this study, we analyzed the invasion phenotypes of trypsin-treated normal and glycophorin B-deficient (SϪsϪUϪ) erythrocytes by several P. falciparum strains. This enabled us to understand whether invasion through the trypsin-resistant pathway is totally dependent on glycophorin B or if there are glycophorin B-independent, trypsin-resistant pathways. We show that P. falciparum Indochina I has the ability to invade erythrocytes through pathways that are completely independent of the involvement of glycophorin B and that 7G8 is able to invade untreated glycophorin B-deficient erythrocytes.
MATERIALS AND METHODS
P. falciparum parasites. P. falciparum 7G8 (6) The correct identity of each parasite strain (data not shown) was confirmed by P. falciparum rifin repetitive microsatellite (PfRRM) fingerprinting as described previously (42) . PfRRM fingerprinting is a PCR typing method that is based on fragment length polymorphisms of a microsatellite (PfRRM) within a known multicopy PfRR, or rif, repetitive element of P. falciparum (42) .
Erythrocytes. Normal erythrocytes were obtained from the Department of Transfusion Medicine, NIH. The serum and leukocytes were removed and the erythrocytes were washed three times in RPMI 1640 incomplete medium, pH 6.7 (GIBCO, Grand Island, N.Y.), that contained 24 mM HEPES and 360 M hypoxanthine, but not NaHCO 3 . The cells were stored at a 50% hematocrit in RPMI 1640 incomplete medium at 4°C. SϪsϪUϪ erythrocytes that lack glycophorin B were obtained from the New York Blood Center (New York, N.Y.) and the LifeSouth Community Blood Center (Gainesville, Fla.). The erythrocytes were washed in RPMI 1640 incomplete medium and stored at a 50% hematocrit in RPMI 1640 incomplete medium at 4°C. SϪsϪUϩ var /He ϩ erythrocytes expressing a variant of glycophorin B on their surfaces were obtained from the Department of Transfusion Medicine, NIH. These cells were shown to be U ϩ by serological testing at the New York Blood Center. The erythrocytes were washed in RPMI 1640 incomplete medium and stored at a 50% hematocrit in RPMI 1640 incomplete medium at 4°C.
Serological and molecular analysis of glycophorin B on erythrocyte samples. Due to heterogeneity in the U antigen and variable reactivities of several samples of anti-U sera with SϪsϪ erythrocytes, as described previously (4, 11, 20, 21, 41) , the phenotypes of the erythrocyte samples were checked first by serological testing. This was done by the hemagglutination protocol described previously (38) . Serological typing showed that five of the six samples were of the SϪsϪUϪ phenotype and that one blood sample had the SϪsϪUϩ var /He ϩ phenotype (with weak expression of the U antigen). SϪsϪUϪ and Henshaw positive (He ϩ ) are African phenotypes (2, 9, 14, 15, 24, 36, 39). As described earlier (38, 41) , detection of He and U antigens on the SϪsϪ erythrocytes provides evidence for the presence of altered glycophorin B molecules on the membranes of the erythrocytes from the two blood samples. The phenotypes of the erythrocyte samples were further confirmed by molecular analysis of the glycophorin B gene. The molecular analysis protocol was to amplify glycophorin B exon 5 from genomic DNA with gene-specific primers glycophorin B 4/5 (5Ј-CTGTCTTATTTTTCTATTGCTATG-3Ј) and glycophorin B IVS5 (5Ј-CTGT TTCTCTTTTGAGTTTAACTG-3Ј). The PCR mixture contained 5 l of 10ϫX PCR buffer, 3 l of 25 mM MgCl 2 , 1 l of 10 mM deoxynucleoside triphosphates, 1 l of each primer (100 ng/l), 1 l of Rh control primer (100 ng/l), 0.25 l of Taq polymerase (0.5 U), and H 2 O to 48 l. After mixing the contents of each tube, 2 l of template DNA (100 ng/l) was added. The mixtures were denatured at 94°C for 15 min, cycled at 94°C, 55°C, and 72°C for 30 s each, for 30 cycles, and incubated at 72°C for 7 min. An internal amplification control (Rh primer mix) was included. Molecular analysis of four of the five S Ϫ s Ϫ U Ϫ samples showed that the glycophorin B exon 5 was not amplified (data not shown), thus confirming them to be of the deletion type (Table 1) , with exons 2 to 6 of the glycophorin B gene deleted from the genome (19, 43) . DNA for the fifth sample was not available.
Enzymatic treatment of erythrocytes. (i) Trypsin. Erythrocytes (10 8 per ml of RPMI 1640 incomplete medium, pH 6.7) with 1 mg of tosylsulfonyl phenylalanyl chloromethyl ketone-treated trypsin (Sigma, St. Louis, Mo.) per ml were incubated, with rocking, at 37°C for 1 h and then washed with 10 packed cell volumes of RPMI 1640 incomplete medium. The erythrocytes were then treated with 1 mg of soybean trypsin inhibitor (Sigma) per ml at room temperature for 10 min. The cells were washed twice with 10 packed cell volumes of RPMI 1640 incomplete medium and then stored in RPMI 1640 incomplete medium at 4°C for a maximum of 1 day.
(ii) Neuraminidase. Erythrocytes (2.5 ϫ 10 9 ) in 5 ml of RPMI 1640 incomplete medium, pH 6.7, were incubated with 0.037 U of Vibrio cholerae neuraminidase (Calbiochem, San Diego, Calif.) at 37°C for 1 h, with rocking, and then washed twice with 10 packed cell volumes of RPMI 1640 incomplete medium.
Invasion assays. Schizont-stage-infected erythrocytes were purified by centrifugation on a 40%-70% percoll-sorbitol gradient (1, 22) . The parasites were washed with 10 cell volumes of RPMI 1640 incomplete medium, counted in a hemocytometer, and mixed with target erythrocytes in in vitro cultures. Schizontinfected erythrocytes (8 ϫ 10 5 ) were mixed with 4 ϫ 10 7 target erythrocytes in 200 l of complete medium, pH 7.2 (RPMI 1640, 24 mM HEPES, 360 M hypoxanthine, 24 mM NaHCO 3 , 10 g of gentamicin per ml, 5% Albumax [GIBCO]), gassed with 5% CO 2 -5% O 2 -90% N 2 , and incubated for 16 to 20 h at 37°C in a modular incubator chamber (45) . Experiments were performed in duplicate in flat-bottomed microtiter plates. Rhesus monkey erythrocytes, which are refractory to invasion by P. falciparum, were included in the assay as a control to estimate invasion into uninfected normal erythrocytes that may be present along with the purified parasite-infected erythrocytes. Following the incubation period, thin smears were made and stained with Giemsa. Ring-stage parasites were counted to determine the rate of invasion. The slides were counted in a blind manner. At least 50 ring-stage parasites were counted per assay, and if the invasion rates were Ͻ1% rings, at least 100 fields of the smear were counted. The percentage invasion of the test and control erythrocytes was corrected by subtracting the percentage invasion of rhesus erythrocytes.
RESULTS
Invasion by P. falciparum of erythrocytes expressing glycophorin B variants. Invasion by P. falciparum 7G8 and Indochina I strains was studied in five SϪsϪUϪ samples and one SϪsϪUϩ var /He ϩ erythrocyte sample (Table 1) . P. falciparum strains 7G8 and Indochina I invaded the five SϪsϪUϪ (glycophorin B deficient) erythrocyte samples at invasion rates of 40 to 87% and 44 to 102%, respectively, compared to invasion of normal erythrocytes (Table 1) . These results showed that P. (Table 1) . One SϪsϪUϪ erythrocyte sample (donor 5114) was obtained as a frozen sample, because a fresh blood sample could not be obtained. This was the same SϪsϪUϪ sample that was used for a previous study (37) . We felt that it was important to include this sample in our study in order to exclude any unique properties in this SϪsϪUϪ sample that might affect its invasion by P. falciparum. The invasion rate of this frozen SϪsϪUϪ sample by the P. falciparum strain 7G8 was comparable to that of the fresh SϪsϪUϪ erythrocytes (Table 1) . Importantly, P. falciparum 7G8, whether originating at NIH or Centers for Disease Control, invades glycophorin B-deficient (SϪsϪUϪ) erythrocytes.
Invasion of enzymatically treated normal and glycophorin B-deficient erythrocytes by various strains of P. falciparum.
We studied invasion by five P. falciparum strains, 3D7, Indochina I, Dd2, HB3, and 7G8, of neuraminidase-and trypsintreated normal and glycophorin B-deficient erythrocytes in three independent experiments. The complete results of experiment 1 (representative of the results for all three experiments) are shown in Table 2 , and the results of trypsin treatment for all three experiments are shown in Fig. 1 .
Four P. falciparum strains, 3D7, Indochina I, HB3, and 7G8, efficiently invaded neuraminidase-treated normal erythrocytes at invasion rates of 61 to 113% compared to those with untreated normal erythrocytes (Table 2) . Only for the Dd2 strain was there a marked reduction in invasion upon neuraminidase treatment of the erythrocytes (Table 2) , as described previously (13, 30) . Four P. falciparum strains (3D7, Indochina I, Dd2, and HB3) invaded trypsin-treated normal erythrocytes at invasion rates of 43 to 59% compared to invasion of untreated normal erythrocytes (Table 2 ). However, the invasion rate of the trypsin-digested erythrocytes by the 7G8 strain averaged only 9% compared to that for normal cells, which is a Ն90% reduction in invasion ( Table 2 ). As reported in previous studies (13, 30, 37) , these results show that P. falciparum invades erythrocytes through alternate pathways that could be sialic acid dependent or independent and trypsin sensitive or resistant.
Glycophorin B is known to be present on the surfaces of trypsin-digested erythrocytes, as it is resistant to trypsin treatment. As noted earlier, glycophorin B is the only defined erythrocyte receptor that is known to be involved in a trypsinresistant invasion pathway, which suggests that the 7G8 strain does not possess the parasite ligand that binds to glycophorin B or another molecule crucial for invading trypsin-digested erythrocytes (13) .
To analyze the degree of dependence of the different P. falciparum strains on glycophorin B as a receptor in the tryp- U  N  T  Nϩ T  U  N  T  Nϩ T   3D7  77  113  43  3  69  80  22  1  HB3  74  82  50  12  53  86  21  0  Dd2  51  4  55  0  40  5  18  0  Indochina I  128  61  59  9  96  52  64  9  7G8  73  88  9  0  37  68  0  0 a For untreated erythrocytes, data are numbers of ring-stage parasites per 1,000 erythrocytes. For treated erythrocytes, data are percentages compared to untreated erythrocytes. U, untreated erythrocytes; N, neuraminidase-treated erythrocytes; T, trypsin-treated erythrocytes; N ϩ T, neuraminidase-and trypsintreated erythrocytes.
sin-resistant pathway, we further studied the invasion by the five parasite strains of trypsin-treated glycophorin B-deficient (SϪsϪUϪ) erythrocytes. The strains HB3, 3D7, and Dd2 invaded trypsin-digested SϪsϪUϪ erythrocytes at rates of 18 to 22% compared to invasion of untreated SϪsϪUϪ erythrocytes (Table 2 ). These P. falciparum strains invaded trypsin-treated normal erythrocytes at invasion rates of 43 to 59% compared to untreated normal erythrocytes (Table 2) . Hence, the absence of glycophorin B reduced invasion of trypsin-digested erythrocytes by 50 to 60%, suggesting that glycophorin B plays a crucial role as an erythrocyte receptor in the trypsin-resistant pathway used by these three strains. A similar phenomenon was observed in the other two independent experiments (Fig.  1) . In previous studies (13, 37) , the invasion rates of the parasite strains HB3, Dd2, and 3D7 on trypsin-digested SϪsϪUϪ erythrocytes were lower than the 18 to 22% that we report here. In these previous reports, the invasion rates were calculated by comparing invasion of trypsin-digested SϪsϪUϪ erythrocytes with that of untreated normal erythrocytes. For our study, we calculated invasion rates by comparing invasion of trypsin-digested SϪsϪUϪ erythrocytes with that of untreated SϪsϪUϪ erythrocytes, that is, their own untreated control cells. Since in our studies the absolute invasion rate of SϪsϪUϪ erythrocytes is lower than that of normal erythrocytes, comparison with untreated SϪsϪUϪ cells results in a relatively higher invasion rate.
It is interesting that the absence of glycophorin B did not affect invasion of the Indochina I strain of P. falciparum through the trypsin-resistant pathway. Indochina I invaded trypsin-digested normal and SϪsϪUϪ erythrocytes at a similar rate relative to their respective untreated controls ( Table 2 , Fig. 1 ), indicating that Indochina I can invade through a trypsin-resistant pathway independent of glycophorin B. Further, the invasion of neuraminidase-and trypsin-treated SϪsϪUϪ erythrocytes by Indochina I was reduced to 9% of the control ( Table 2 ), suggesting that this particular glycophorin B-independent, trypsin-resistant pathway is sialic acid dependent.
DISCUSSION
We have demonstrated a new pathway through which the Indochina I strain of P. falciparum invades erythrocytes. This pathway allows the parasite to invade trypsin-digested erythrocytes independent of glycophorin B. Previously, experiments with several strains of P. falciparum indicated that the invasion of trypsin-digested erythrocytes by P. falciparum was apparently dependent on glycophorin B. Strains 3D7, HB3, and Dd2 had greatly reduced invasion rates for trypsin-digested SϪsϪ UϪ cells compared to those for trypsin-digested normal erythrocytes, as previously described (13) . These three P. falciparum strains appear to have a very limited ability to invade through the glycophorin B-independent, trypsin-resistant pathway, which accounts for their 20% invasion of trypsin-digested glycophorin B-deficient erythrocytes. We now show that Indochina I invades trypsin-digested SϪsϪUϪ erythrocytes at the same relative efficiency as trypsin-digested normal erythrocytes, indicating the presence of a glycophorin B-independent pathway. This unique characteristic of Indochina I allows for its use as a reagent for the study of this invasion pathway.
The parasite ligand and erythrocyte receptor molecules that (18) . It is difficult to predict whether each of these molecules defines an independent trypsin-resistant pathway or if they are all involved in a common trypsin-resistant pathway. In a previous report, it was hypothesized that glycophorin B and receptor Y have overlapping roles in a common trypsin-resistant pathway (37) . Here we have shown that at least one trypsin-resistant pathway does not involve glycophorin B. However, it is also possible that the Indochina I strain of P. falciparum can invade through more than one glycophorin B-independent, trypsin-resistant pathway. Our results show that this glycophorin B-independent, trypsin-resistant pathway is sensitive to neuraminidase treatment and thus is sialic acid dependent. Therefore, it appears that another sialic acid-containing erythrocyte receptor is involved in this pathway. This erythrocyte receptor may be a glycolipid or sialoglycoprotein other than glycophorin B which is trypsin resistant. The parasite ligand that mediates this glycophorin Bindependent, trypsin-resistant invasion pathway may be JESEBL, BAEBL, or another merozoite molecule. It was previously reported that the 7G8 strain of P. falciparum cannot invade SϪsϪUϪ erythrocytes, while the FVO, Camp, and 3D7 strains invade at rates of 73 to 79% of those for normal erythrocytes (37) . Contrary to this result, the invasion studies reported here show that the P. falciparum 7G8 strain does invade SϪsϪUϪ erythrocytes. Thus, no human erythrocyte is known to be completely refractory to invasion by P. falciparum.
It is well established that P. falciparum invades erythrocytes through several alternate pathways. Until now, P. falciparum was observed to be dependent on glycophorin B for invading trypsindigested erythrocytes. Here we have demonstrated for the first time that P. falciparum is capable of invading erythrocytes through a glycophorin B-independent, trypsin-resistant pathway. Several parasite molecules have been identified that bind to trypsin-resistant erythrocyte receptors, and it would be interesting to elucidate the parasite molecules and host receptors that mediate this glycophorin B-independent, trypsin-resistant pathway exhibited by the Indochina I strain of P. falciparum.
